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l-)uring F l i g h t  T h r o u g h  t h e  J o v i a n  A t m o s p h e r e
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.Iet  Propulsion Laho7n tory, (.’alifornia IILS[ it u t c oj Technology,
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Abstrac t . Fragmentation dominates fhe ablation process of cometary
type i]npactors  during their atmospheric flig}it.  hloclels  that account for it
imply that a kilometer-sized ]Iuc]ear  frag]nent of colnct Shocn]aker--T,evy  9
has disilltcgratcd alnlost completely by the time of its terminal explosion,
at a pressure lCVC1 of <1 bar. ‘l’his result, collsisteltt  with impact scenarios
based on precursor-event tixnings,  suggests tliat the initial masses of two
fragments, K and R., were between 7 x 10]4 and 5 x 1015 grams apiece,

lmpac.t observations of the fragments K and R of comet Shoemaker- J,CVY 9
made, respectively, on July 19 and  21, 1994 fro]ll the ground and on board the
Galileo spacecraft are combined to constl ain tllc penetration depths and the
bulk properties of tile i)npactors. The approac]l  applied is based on slightly
modified equations used in, and o]l ablation rates derived from, investigations
of massive bo]ides in the Itarth’s  atmosphere.

For “soft”, cometary impactors  these studies i]ldicate that fragmentation
both continuous and occurrirlg  in discrete evellts t}lat last ~0.1 s- is the ablation
process of paramount i:nportance, vastly surpassing the effects of evaporation
alLcl spraying. The susceptibility t{) vigorous fragme]ltation  is independent of
the impactor’s  mass, with the ncccssary cc)llsequence  of a precipitous loss of
mass during atmospheric jlight,  all ef~ect that has been neglected or grossly
underestimated in most im])act models for Shoe]  naker-],cvy 9 proposed to date.

Meteor physicists have long been aware of the sigl~ificance  of fragmentation.
Recently, its role was illustrated co]]vincingly  on tile holide Sumava (EN  041274)
by l]orovitka  &; Sprrrnj  (1995), who SIIOWCCI that this morphological analoguc to
co]net Shoc]])akcr-  I,cvy 9 alid the ]Ilost  rnassivc colnctary  bolide on record had
an initial mass of W5 tons, a bulk (Iensity 0.1 g/cn~3,  and an effective ablation
coefficient of 0.32 s2/km2. Its lul[linous trail began at 99 km above sea level,
ec]uivalent to w380  km above 1 bar in the Jovian atmosphere, and the object
disintegrated entirely  at an altitude of 59 k]n,  cquivale)lt to *190  km on Jupiter,
at a dynamic pressure of WI bar a]]cl a]~ a.tmosphmic pressure of 0.25 mbar.

]t is alsc) kllown  that  large i][lpactols exp]oc]e  i n s t an t ly  ( e .g . ,  McCrosky
et ccl. 1971, Sckanina 1983) at the tcrmina] pc)illt  of the luminous trajectory
where the encountered atnlc)sphcri( resistance (a]] ]io longer be tolerated, i.e.,
at the point c)f peak dyna]nic  p r e s s u r e . in a sim])lc  model for a point sourc.c
exp lo s ion ,  adap t ed  t o  tile case of an cxponc]itia]  atnlosphere  by Kompaneets
(1960) ,  a strong  sllock begi],s to propagate f]oJ[l t]le explosion point, with al]
the mass co]lccntratcd  ill a t.lli]l  shell at its f]o][t  (tllc sllc)ck rcgirnc).  ‘1’hc  l)ressure
bcllind tile front is prc)portic)nal  to tllc cxplc)sic)n’s totaJ energy and inversely to
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the expanding cavity’s volume. ~’he shock conti~lucs  to expand at an accelerated
rate upwards. ‘J’he recondensed cleb]is  gradually trails behind (]loslough  et al.
1994)  and, because of Jupiter’s gravity, it eventually follows a ballistic trajectory
(the ballistic regime). The cjecta’s maxirnurn  elevation was  observed to be nearly
independent of the explosion energy (l Iammcl et al. 1995), implying an equivalent
“initial” upward velocity of w13 km/s. ModeIling t}lis evolution constrains the
time span between the explosion and the plu~nc’s  cmersion at the Jovian limb,
the pri]nary contributor to the obsclved timing of the precursor events, tA–tv
(1’igure  1). Similar conceptual models have independently been proposed by
others (e. g., IIoslough et al. 1995,  Graham e~ al. 1995, Nicholson et al. 1 9 9 5 a ) .

‘l’he nominal scenarios for the Iluclei  K and R, listcci  in Table 1, arc based
on two assulncd ablation coefficients, on the observed times tA--tv of 53 s for K
(interpolated from the data by Watanabe et al. 1995)  and 54 s for R (Graham
et al. 1995), and on the effective i]litial diameters of 3.2 km for K (Sekanina,
unpublished) and 2.4 km for R (Sekanina  1995), as determined photometrically
from }Iubble Space Telescope (11 S’J’  ) images. ‘J’hc i]npactors’  initial ~nasses arc
found to have ranged from 8 x 10 14 to 5x 1015 g, their bulk densities from 0.1 to
0.3 g/cm3, and their residual lnasses from 2 x 10 12 to7X10]2g,  or less than lYoof
their prcatrnosI)heric masses. The explosion cncrp;ies  were near 1026 ergs and the
ex])losion  altitudes 40 to 60 km aho~e 1 bar. !J’lie sliock’s  downward penetration
(Kompanects  1960)  s}~ould have extencled for at least 30 km, thus afrecting the
N113 clouds. If the plumes were products of line sources (Bos]ough et al. 1994) ,
the tabulated resiclual  mass would IIC a lower lilnit to the plume’s actual mass.

Table 1. Nominal ablation S( enarios for fI .agmcnts K and R
— — — — . . - -  — - —  — . . . — .  .  .

Fragment K F’ragrnerrt  R

A b l a t i o n  cocflicicnt  ( s2  /kn12 ) :  ““(),2
—. .—

—0.4 0,2 0.4— . — . —- ——-—  — —
I MPACTOR AT TIME OF AT M O S P H E R I C  IO{ TRY

l’reatn)osphc~ic  rrws  (g) ,.15.27 ~~1569 ~014.88 ~@5.34

Kinetic energy  (erg)a ,028.51 ~028.93 l@12 ,~28.58

Bulk  density (g/cm3) 0.11 0.29 0,10 0.30
lXfcctive  diameter (km) 3,2 3.2 2,4 2,4

lhfrAcTOFC  AT TIhf E o~ TERMINAL  ExpLcls IoN

r~esirfual  rn- (d
,012.74 ~012 86 ~012.34 ~~12 50

Itesidrral  energy  (erg) ]025,98 ~026. ro 102558 ~025.74

ltcsidual  effective dianwter  (k]n) 0.46 0.36
Altitude above  1 bar  (km)

0.34 0.27
50 44 57 49

An] bicnt  atn,osphe]  ic pressure (bar) 0.080 0.11 0.05s 0.085
Acrodynanlic  pressure (bar) 562 795 383 603
PrcatnlospI1el  it-to-residual nla=+s  ratio 340 6S0 350 700

1’IMB  LI N E  CIF EVENTS HENINI, JOVIAN l,IMHb

lrnrmctor’s  flight from  disappearance to explosion (s) 7.9 8.0 4.4 4.5
Plume’s cxpamsion  in shock rcgirnc  (s) 38.0 37.2 49.6 49.5
I’lusrre’s exl>ansion in ballistic reginie  (s) 7.1 7.8 0.0 0.0
Total tilnc  behind Jovian  liint,’  (s) 53.0 53.0 54.0 54.0

— — . . _— _-

‘Assurning  that i,n],actor’s  velocity coincided with velocity of esca~~e  at altitude of 1000 kn~  above 1 bar.

bAssun]i]\g an isobar  of 100 n~l,  ((;}rod&s  1995) :  390  kt[r  (frag,  nent K)  and 245  krn  ( f r a g m e n t  R )  f o r
altitude of i]nrmctor’s  disappearance and 34o km (K) a]}d 210 kt[)  (1{)  for altitude of plume’s appearrmce.

‘Fitting observed i],tcrval  t,ctwccn  peak of fh st precursc,r  a]rd  o),sct of secor!d  ~,recursor;  for frag,ncnt  K
t}te two tirnc-x  wem interpolated to  be  10:24:09  and 10:25:0?  U’I’  01,  July 19, 1994 from the data by
W a t a n a b e  e t  al. (]99s); for frag,ncrlt  }{ they were take,,  fro,,! Graha,n  et al.  (199s) .
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GEOMETRY FOR PENETRATING IMPACTOR AND

EXPANDING PLUME OF EJECTA
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Figure 1. (lcomctry for amassivci]npactor ])e]lctrating  the Jovian
atmosphere and for an cxl)andili,g plurnc of hypervelocity  ejects (left
paljel); aIld the pre-main event portion of the thermal emission curve
as observed froln the ground (right panel). 1’lLc flux increases until the
impactor disappears  behind the limb at altitude Zv at time tv, w h e n
Precursor 1 reaches its peak. ‘J’he signal then subsides, being due to
the wake of ablated lnaterial and a tra.ili:lg column of the disturbed
atmosphere. The terminal explosion of the il[l~)actor’s  residual mass is
hidden behind the limb. The sudden onset of PTecursor 2, at time tA,
coincides with the front of the expandilig  cjcc.ta)s  plume as it emerges
over the ]imb  at altitude ~A. ‘J’he difi’er’ellcc’  tA - tv, the  tOtZtl timC! o f
the events occurring bcllind the limb, is tllc jrnpact)s key parameter.

‘~’hc rcsu]ts ilL Table 1 ale consistent Wi t}{ the tinting  of re]evant eVentS  frOnl
cxl>eriments  carried out onboard  the Galileo sl}acecraft. The explosion t i m e
fo~ K, 10:24:17  UT, c.oincidc!s with the sharp peak on the light curve (Chaplnan
ct al. 1995) to 1 s, whereas for R the explosion  L tilne, 05:34:57  U’J’, diflers from
Ca.rlson  et al.’s (1995) reference timr by  11 s, within their errors of lncasurernent.

I’he 2.3 ~lm fluxes reported for l’recursors 1 I)Y Watanabe et al. (1995) for K
ancl by Graham et al. (]995)  fc)r R were used to derive the impactors’  effective
surface areas, Sefl, in units of their initial frontal areas Ao, and the prodllct of
a hc;at transfer codficient  A <1 and a fraciiol~  x <1 c)f the total energy spent on
thcrlnal rcradiation as fulictions of tempcl ature. ‘J’lLc results, in Table 2, show
that  thC sigllal  froln R at 530 kln  constrains  the efJcctive tcnnperature  at that
altitude to <1000 K. IIighcr  temperatures could, )Iowcvcr,  apply at the two lower
altitudes. N–icllolson  et al. (1995b)  found a CO1 OI temperature of 1000 K. in the
Earth’s atmosphere, the surface tmnpcrature  range for a 60 km/s projectile at
ecluivalent altitudes has been estimated at N1500  to N3000  K (Ilronshten 1983).

The possibility of a comp]ct.e  c)r nearly colnplete disintegration of impactors
before their terminal cxplcmion,  predicted froln  the present moclel,  is consistent
with the re~)orted  failure, l)y a. null]ber of c)bservem, to detect the ejcc.ta  plumes
for virtually all of the off-train fragments , SUC]I  as 1), II’, 1 ’2 , or ~1. S ince  the
residual mass of each impactor rlepcnds on its initial lnass, velocity, and ablation
(fragmentation) rate, it is apparcllt that the off- train nuclei were both smaller
ancl less cohesive than the on-trail!  nuclei, fragnlenting  almost spontaneously.
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‘1’able 2. Effective temperature 7Lff, effective emitting area S.fT (in
units of impactor’s prcatlnosphcric  frollta.1 alea Ao), and a  product  XA
from observed thermal fluxes fc~r Precursors 1 of fragments R and K

_——-— .—— — .—— —.
Fragmen(  1{ at

Rffectivc altitude of 245 kul
t e m p e r a t u r e  – — - - - -  --—--–

Tefi  (K) S, fi/AO  XA
———.

2 6 1 0 1.0 o.ac153
2 3 8 5 1 . 3 0 . 0 0 3 7
2 0 0 0 2.1 0 . 0 0 1 8
16oo 4 . 8 0.00C17S
1 3 0 0 12 0 , 0 0 0 3 3
1 0 0 0 51 0,00011

8 0 3 2 4 0 0 . 0 0 0 3 5
7 0 0 7 5 0 () .00003

— . —--—-

Fragment 1{ at
altitude of 530 k[n

—— .—. —.. — . .

S,fl  /Ao XA
——— ..—. ..—

“G “’”().65
140 0.26
440 0.15

Fragment K a t
aftitudc  of 39o km

——
S,fl  /Ao XA

. . . . . .
1.0 0 . 5 5
1 . 7 0 , 2 7
3 . 7 0.11
9.1 0 . 0 4 9

3 8 0 . 0 1 7
1 8 0 0 . 0 3 7
5 2 0 0 . 0 3 4

Acknowledgments. I thank 11. A. Weaver for providing the comet’s digital
images taken with the lIS’I’.  l’he lrscarch rlesclibcd in this paper was carried
c]ut by the Jet Propulsion I.aborato~y,  California ]nstitute of Technology, under
contract with the NASA and was supported ill part through Grants GO-5021
and GO-5624  from the Space Te]es(ope  Sciexice I]lstitute,  which is operated by
the Associaticm of Universities for Research in Astronomy, Inc.

R e f e r e n c e s

IloroviCka,  J. & Spurni,  P. 1995, lc~rus, subIrLittcd

lIoslough,  M. B., Crawford,  D.  A. ,  ILobillson,  A. C. & l’rucano,  T. G.  1994,
CR]., 21, 1555

IJoslougll, M. B. ,  Crawford,  l). A., ‘lTrucanc),  T. G. & Robinson,  A.  C. 1995,
GRL, 22, 1821

]Ironshten,  V. A. 1983, Physics of hleteoric l’heno]nena.  l)ordrecht: Reidel, 52

Carlsol~,  R. W. et al. 1995, G}{]., 22, 1557

Chapman,  C, R. et al. 19%5, GRI,, 22, 1561

Chodas, 1’. W. 1995, perso]lal co]n]llunication

Grahaln, J. R., de  Patcr, 1., Jcrnigarl, J. G., l,iu, M. C. & llrown,  M. E. 1995,
Science, 267, 1320

IIammel, 11.11. et al. 1995, Science, 267, 1288
Kom])aneets, A. S. 1960, Sc)v. ]’hys.  l)okl., 5, 46

McCrosky, R. E., Posen,  A., Schwaltz,  G. & S}lao, C.-Y. 1971, JrGIL,  76, 4090

Nic}tolson,  1’. 1). et al. 1995a,  GIL],, 22, 1613

Nic}lo]son,  P. D. et al. 1995b,  Gltl,, 2 2 ,  1617
Sekarlina,  Z. 1983, AJ, 88, 1382; errata: AJ, 89, 185

Selianina, Z. 1 9 9 5 ,  ill Eurc)pea,rl Sliomnakcr- levy 9/Ju~)iter  W o r k s h o p ,  R. h4.
W e s t  &, 11. Roellnhardt, Garching  bei Mii]lcherl: ESO, 29

Watanabe, J.-i. ci III. 1995, PASJ, 47, 1,21

4


